Acetobacter spp. are used for industrial vinegar production because of their high ability to oxidize ethanol to acetic acid and high resistance to acetic acid. Two-dimensional gel electrophoretic analysis of a soluble fraction of Acetobacter aceti revealed the presence of several proteins whose production was enhanced, to various extents, in response to acetic acid in the medium. A protein with an apparent molecular mass of 100 kDa was significantly enhanced in amount by acetic acid and identified to be aconitase by NH 2 -terminal amino acid sequencing and subsequent gene cloning. Amplification of the aconitase gene by use of a multicopy plasmid in A. aceti enhanced the enzymatic activity and acetic acid resistance. These results showed that aconitase is concerned with acetic acid resistance. Enhancement of the aconitase activity turned out to be practically useful for acetic acid fermentation, because the A. aceti transformant harboring multiple copies of the aconitase gene produced a higher concentration of acetic acid with a reduced growth lag-time.
Introduction
Acetic acid bacteria, consisting of two genera Acetobacter and Gluconobacter, are unique microorganisms that can oxidize ethanol to acetic acid and show high resistance to acetic acid and ethanol [1] . The members of Acetobacter are metabolically active in ethanol-to-acetic acid conversion at acetic acid concentrations more than 40 g l À1 , whereas Escherichia coli, for example, grows slowly at acetic acid concentrations even at 3-4 g l À1 . Because of these characteristics of Acetobacter spp., they are used for industrial production of vinegar. There have been few studies on the mechanism of resistance to acetic acid in Acetobacter spp. despite its basic and industrial interest. Resistance to acetic acid does not always result from resistance to low pH, since bacterial strains capable of growing at low pHs cannot grow when adjusted with acetic acid. This is perhaps due to acetic acid toxicity caused by an uncoupling effect of nonionic acetic acid; acetic acid serves as an uncoupling agent by carrying protons across the membrane into the cytoplasm and thus disturbing the proton-motive force that is essential for oxidative phosphorylation as well as other energetic membrane processes [2] [3] [4] [5] . Therefore, some specific machinery to protect the cells from the toxicity of acetic acid must be present. A genetic approach including recombinant DNA techniques identified a gene cluster responsible for acetic acid resistance in Acetobacter aceti: these are aarA encoding a citrate synthase, aarB encoding a functionally unknown protein, and aarC encoding a protein probably involved in acetic acid assimilation [6, 7] . aarABC confers acetic acid resistance on the host cells supposedly by assimilating acetic acid.
A biochemical approach to investigate changes in protein profiles in response to acetic acid by two-dimensional polyacrylamide gel electrophoresis showed the presence of many acetic acid-specific stress proteins [8, 9] . The proteins responsive to acetic acid, however, have neither been identified nor been fully characterized. In this study, as a first step to elucidate the mechanism of acetic acid resistance by proteomic analysis, we analyzed a protein in the soluble fraction that is overproduced in response to acetic acid by twodimensional gel electrophoresis. This paper deals with aconitase that is produced in elevated amounts in response to acetic acid. We further found that enhancement of aconitase activity led to elevated resistance to acetic acid in A. aceti.
Materials and methods

Bacterial strains and plasmids
The bacterial strains and plasmids used are listed in Table 1 .
Media and culture conditions
YPG medium (pH 6.5) consisted of 5 g of yeast extract (Wako Pure Chemicals), 2 g of polypeptone (Wako Pure Chemicals), and 30 g of glucose in 1 liter of water. Acetobacter strain was first cultured in a test tube containing 3 ml of YPG medium with shaking for 24-40 h at 30°C. A portion (1-5 ml) was inoculated into 100 ml of YPG medium or YPG medium supplemented with ethanol (3%, v v À1 ) and acetic acid (1-3%, v v À1 ) in a 500-ml shaking flask and further cultured with shaking at 30°C.
For acetic acid fermentation tests, Acetobacter strain was first cultured in a 50-ml test tube containing 5 ml of YPG medium with shaking for 24 h at 30°C. A portion (10 ml) was inoculated into 2500 ml of YPG medium or YPG medium supplemented with ethanol (3%, v v À1 ) and acetic acid (1%, v v À1 ) in a 5-liter mini-jar fermentor and further cultured with agitation at 400 rpm and aeration at a rate of 0.20 vvm (vol. per vol. per min.) at 30°C, until the acetic acid concentration reached 30 g l À1 . A portion (700 ml) of this culture was left, and 1800 ml of fresh YPG medium supplemented with 4% (v v À1 ) ethanol and 3% (v v À1 ) acetic acid was added and further cultured. The ethanol concentration was automatically maintained at 1% (v v À1 ) by addition of ethanol during the cultivation. Escherichia coli was routinely cultured in LB medium (10 g l À1 bacto tryptone, 5 g l À1 yeast extract, and 10 g l À1 NaCl; pH 7.0). Ampicillin was used at a final concentration of 100 lg ml À1 when necessary to maintain plasmids.
Preparation of a soluble fraction from A. aceti
Acetobacter aceti 10-8S2 was grown in YPG medium with and without 1% (v v À1 ) acetic acid. The cells were harvested by centrifugation at the mid-exponentialphase (14 and 20 h culture in YPG medium and YPG medium supplemented with acetic acid, respectively) and the stationary-phase (48 and 60 h culture in YPG medium and YPG medium supplemented with acetic acid, respectively). The harvested cells were suspended in 10 mM potassium phosphate buffer (pH 6.0), and disrupted by a passage through a French pressure cell (20,000 psi). The cell lysates were centrifuged at 100,000g for 1 h at 4°C
. The supernatants were used as soluble fractions. Two-dimensional gel electrophoresis was carried out using PROTEAN IEF CELL (Bio-Rad Laboratories) with immobilized pH gradients (pre-cast IPG strip, pH 3-10, 11 cm) in the first dimension and sodium dodecyl sulfate (SDS)-polyacrylamide gel polyacrylamide (12.5 % acrylamide) in the second dimension, according to the manufacturer. The proteins were stained with Coomassie brilliant blue R250.
NH 2 -terminal amino acid sequencing
After two-dimensional gel electrophoresis of the soluble fraction, the proteins were blotted on a polyvinylidene difluoride (PVDF) membrane (Millipore) with the graphite electroblotter system (Sartoblot II-S, Sarto- rius). A protein of 100 kDa whose production was enhanced in response to acetic acid was cut and directly analyzed by Edman degradation [10] on an Applied Biosystems Model 492cLC protein sequencer. Amino acid sequence homology search was performed at the National Center for Biotechnology Information (NCBI) using the BLAST network service [11] .
DNA manipulation
Total DNA from Acetobacter was prepared as described by Okumura et al. [12] . Restriction endonucleases, T4 polynucleotide kinase, and T4 DNA ligase were purchased from TaKaRa BIO (Kyoto). E. coli was transformed as described by Hanahan [13] . Acetobacter strains were transformed by the electroporation method [14] . For hybridization analysis and cloning of the gene encoding the protein of 100 kDa, oligonucleotides (Espec-oligo Service) were used. DNA-DNA hybridization for cloning the gene was performed by the standard method [15, 16] with a Hybond-N þ nylon membrane (Amersham Biosciences). Nucleotide sequence was determined by the dideoxy chain termination method [17] combined with the M13 cloning system [18] on a Shimadzu DSQ1000 DNA sequencer. The DNA sequence was analyzed by using the Genetyx sequence analysis program (Software Development).
Enzyme assay
The cells at the mid-exponential-phase and the stationary-phase were harvested by centrifugation, and suspended in 50 mM Tris-HCl buffer (pH 7.5). The cell lysates were prepared by a passage through a French pressure cell (20,000 psi). Aconitase activity was measured essentially according to the method described by Fansler and Lowenstein [19] . Specific activities are given as lmoles of cis-aconitate transformed per min per mg of protein. Protein concentrations were determined by the Lowry assay [20] using the DC protein assay kit (Bio-Rad Laboratories) with bovine serum albumin as a standard.
Nucleotide sequence accession number
The nucleotide sequences of the aconitase gene has been deposited to the DDBJ, EMBL and GenBank databases under Accession No. AB110987.
Results
Changes of protein profile of A. aceti during exposure to acetic acid
We examined a change of protein pattern induced by acetic acid in A. aceti 10-8S2. Soluble fractions prepared from the strain grown at the exponential and the stationary phases in YPG medium with or without acetic acid were analyzed by two-dimensional gel electrophoresis (Fig. 1) . Production of several proteins was apparently induced by acetic acid to various extents but some proteins almost disappeared in response to acetic acid. We chose the protein with an apparent molecular mass of 100 kDa (S100), which was greatly enhanced in amount by acetic acid at both growth phases. The NH 2 -terminal amino acid sequence of the protein S100 was determined by the Edman degradation procedure. The amino acid sequence established was Met-Lys-ThrVal-Gly-His-Asp-Lys-Leu-Lys-Thr-Gly-Arg-AspLeu. A computer-aided homology search showed that the sequence for S100 is quite similar to the NH 2 -terminal amino acid sequence of aconitase (aconitate hydrolyase) from Legionella pneumophila [21] .
3.2. Cloning and nucleotide sequence of the DNA fragment encoding S100
The total DNA from A. aceti 10-8S2, digested with several restriction endonucleases, was hybridized with 32 P-labelled oligonucleotides, which were designed on the basis of the NH 2 -terminal amino acid sequence from the 5th Gly to the 12th Gly. These were: 5 0 -GGI-CAI-GAI-AAI-ITI-AAI-ACI-GG-3 0 and 5
0 . The third position of each triplet was designed to be inosine. A 1.9-kb PstI fragment and a 4.6-kb SphI fragment, showing positive hybridization with the probe, were recovered from gel slices and cloned into the corresponding sites of pUC19, resulting in pACO101 and pACO201, respectively. The restriction map of the cloned 5.3-kb PstI-SphI fragment is shown in Fig. 2 . The nucleotide sequence of the cloned fragment revealed the presence of a single complete open reading frame that was similar to the E. coli aconitase, AcnA (Fig. 3) , with 55% similarity, but was not similar to another E. coli aconitase, AcnB. The NH 2 -terminal amino acid sequence determined with the protein blotted on a PVDF membrane is present in the deduced amino acid sequence at positions 1-15. Aconitase is a hydrolyase containing a single Fe-S cluster and catalyzes stereospecific dehydration-rehydration of citrate to isocitrate in the second and third steps of the TCA cycle. Aconitases from L. pneumophila, E. coli, Saccharomyces cerevisiae, and porcine heart mitochondria and isopropylmalate isomerases form Phycomyces blakesleeanus, S. cerevisiae, and Salmonella typhimurium comprise part of a family of related proteins [22] . The amino acid residues involved in the formation of the Fe-S cluster [23] are conserved in the amino acid sequence (Fig. 3) .
Consistent with the idea that the cloned gene encodes an aconitase, an E. coli transformant carrying pACO300 showed higher aconitase activities than those of the same strain carrying the vector pMV24 and the activity of the transformant carrying pACO300 was enhanced by induction of IPTG ( Table 2 ). The activity was not changed by addition of acetic acid. In A. aceti, the aconitase activity at the exponential phase increased about threefold (0.58 U mg À1 of protein to 1.66 U mg
À1
of protein) when acetic acid was added at a concentration of 1%, which was in agreement with the protein profiles. At the stationary phase, the aconitase activity of A. aceti cultivated in the presence of acetic acid increased to a less extent (0.86 U mg À1 of protein to 1.09 U mg À1 of protein), compared with the increase during the exponential phase.
The effect of enhanced aconitase activity on acetic acid resistance
Elevation of aconitase activity through gene amplification was expected to enhance acetic acid resistance. Because the consensus promoter sequence of Acetobacter has not been elucidated, we placed the aconitase gene downstream of the E. coli lac promoter in the E. coliAcetobacter shuttle vector plasmid, pMV24, whose copy number in A. aceti was estimated to be about 10 [24] . The E. coli lac promoter has been found to function in Acetobacter [25] . The resultant plasmid, pACO300 carrying the aconitase gene (Fig. 2) , was introduced by the electroporation method into A. aceti 10-8S2.
The A. aceti transformant carrying pACO300, which was grown in YPG medium without acetic acid, showed similar aconitase activities at both the exponential and stationary phases to those of the transformant carrying the vector pMV24 (Table 3 ). In YPG medium with acetic acid, however, it showed higher activities compared with those for the same strain carrying the vector. This indicates that the aconitase gene on pACO300 is induced by acetic acid, suggesting that the aconitase gene is expressed also by use of its own acetic acidinducible promoter in Acetobacter, in addition to the E. coli lac promoter.
To confirm the relationship between the aconitase activity and the acetic acid resistance, we compared the growth and the aconitase activity of the two transformants in YPG medium supplemented with acetic acid. The growth profiles at various concentrations of acetic acid in YPG medium are shown in Fig. 4 . The plasmid was stably maintained during the cultivation periods. Up to 1.75% (v v À1 ) of acetic acid, the growth of the transformant carrying pACO300 was almost the same as that carrying the vector (Fig. 4(a) ). Although the transformant carrying the vector was unable to grow in the medium containing 2.25% (v v À1 ) acetic acid, the transformant carrying pACO300 could grow in the same medium (Fig. 4(a) ). Aconitase activities in the cells at the exponential and stationary phase were measured ( Table  3) . As the acetic acid concentration increased, aconitase activity of the transformant harboring the vector decreased. On the other hand, aconitase activity of the Fig. 3 . Sequence alignment of aconitases from A. aceti and E. coli. On the basis of the structure of the pig heart aconitase [26] , the cysteine residues (open triangles) and three amino acid residues (solid triangles), all of which are involved in the formation of a 4Fe-4S cluster at the catalytic site, are indicated. Stars indicate identical and similar amino acid residues between the two proteins. a The strains were cultured for 6 h at 37°C in LB medium (pH 7.0) with or without 1 mM IPTG and 0.05% (v v À1 ) acetic acid (pH 5.0). Cells were then harvested, and the aconitase activities were measured as described in Section 2.
transformant harboring pACO300 did not decrease. These results clearly indicated that the aconitase activity was correlated with the growth in the medium with acetic acid and showed that multiple copies of the aconitase gene, and accordingly an increase in aconitase activity, conferred acetic acid resistance on A. aceti.
Improvement of acetic acid fermentation by enhanced aconitase expression
Because amplification of the aconitase gene led to the elevation of acetic acid resistance, we expected that the transformant carrying pACO300 would produce acetic acid in a larger yield. Acetic acid fermentation was carried out as described in Section 2. The A. aceti transformant carrying pACO300 was grown in YPG medium with ethanol and acetic acid, which was routinely used for acetic acid fermentation, and the aconitase activity was compared with that of the same strain carrying the vector pMV24. An unexpected finding was that the aconitase activity was remarkably reduced by the addition of ethanol. However, the activity of the transformant harboring pACO300 was still higher than that of the transformant with the vector throughout growth ( Table 3 ). The transformant with pACO300 was also able to grow in the medium used for acetic acid fermentation with higher acetic acid concentrations (Fig. 4(b) ). These results showed that amplification of the aconitase gene also conferred acetic acid resistance on A. aceti even in the medium containing ethanol used for acetic acid fermentation.
The acetic acid fermentation profiles of the transformant carrying pACO300 or the vector are shown in Fig. 5 . The growth rates of the transformants harboring pACO300 and the vector were almost the same (0.041 OD h À1 ). However, the growth lag-time (15 h) of the transformant carrying pACO300 was much shorter than that (53 h) of the transformant carrying the vector (Fig. 5) . Aconitase activity of the transformant harboring pACO300 at the acetic acid concentration of 60 g l À1 was 0.054 U mg À1 of protein, which was higher than that of the transformant harboring the vector (0.036 U mg À1 of protein), although at the stationary phase at the acetic acid concentration of higher than 80 g l À1 the activity was not detected in both cultures. As we expected, the transformant carrying multiple copies of the aconitase gene produced 105 g l À1 of acetic acid, whereas the transformant carrying the vector accumulated 84 g l À1 of acetic acid (Fig. 5) . These results showed that amplification of the aconitase gene led to enhancement of aconitase activity, which improved acetic acid fermentation in A. aceti.
Discussion
Although several proteins in Acetobacter were shown to be induced in response to acetic acid by means of twodimensional gel electrophoresis, no further study, including identification of the induced proteins, has been reported. The present study has demonstrated that production of aconitase is enhanced in response to acetic acid in A. aceti and aconitase activity is related with acetic acid resistance. The aconitase activity at the stationary phase was apparently reduced in the medium containing ethanol. One of the possible explanations is that acetic acid at a high concentration denatures the aconitase because the acetic acid concentration reaches higher than 4% during fermentation, at which concentration even the growth of the transformant harboring the aconitase gene is repressed. Our previous study using acetate-sensitive mutants derived from the same strain revealed that citrate synthase is involved in acetic acid resistance, since multiple copies of the citrate synthase gene conferred acetic acid resistance on the mutant [6] . Acetic acid is known to be produced on the outer surface of the membrane. From these results, we assume that the activation of the TCA cycle and the glyoxylate cycle by enhancing one or more enzyme activities results in rapid consumption or breakdown of toxic acetic acid incorporated into cells, as a result of which the intracellular concentration of acetic acid is maintained at a low level.
In acetic acid fermentation, ethanol is oxidized to acetic acid by A. aceti cells. Interestingly, aconitase activity was apparently reduced in response to ethanol. Since ethanol exerts no effect in vitro on the aconitase activity when added to the enzyme assay mixture (data not shown), reduction of aconitase activity in vivo by ethanol seems to result from repression of expression of the aconitase gene. These results suggest that the aconitase gene is regulated by acetic acid and ethanol, both of which are present in the fermentation medium and whose concentrations vary during acetic acid fermentation. The regulatory sequence responsive to the acetic acid and ethanol concentrations must be within the sequence of about 200 bp upstream from the start codon of the aconitase gene, because aconitase activity of transformant carrying pACO300 containing this region was responsive to acetic acid and ethanol.
We are currently analyzing other acetic acid-responsive proteins found in this study. We are further investigating membrane proteins induced by acetic acid for understanding the whole mechanism conferring acetic acid resistance on Acetobacter. These study will contribute yield enhancement of acetic acid in industrially important vinegar fermentation, just as we observed in the present study that amplification of the aconitase gene leads to improvement of fermentation not only in the final yield of acetic acid but in the reduction of the fermentation period. 
